Purpose: Although unequivocal evidence has shown the prognostic relevance of circulating tumor cells (CTC) in the peripheral blood of patients with metastatic breast cancer, less evidence is available for the prognostic relevance of CTCs at the time of primary diagnosis.
Introduction
Dissemination of tumor cells from the primary tumor into the bloodstream is a critical step in tumorigenesis, and is considered a precursor of distant metastases. High-resolution imaging technologies often cannot detect the spread of early tumor cells and occult micrometastases (circulating tumor cells, CTCs, in blood and disseminated tumor cells, DTCs, in bone marrow) because these tumor cells are rare and, at least during the initial stages of the disease, are unaccompanied by clinical symptoms (1) .
Recent advances in isolation and enrichment methods make it possible to detect and enumerate extremely rare CTCs in the peripheral blood (as few as 1 CTC per 10 6 -10 8 leukocytes), facilitating their use as a surrogate marker of minimal residual disease (MRD) and enabling clinical researchers to perform realtime monitoring of disease progression and treatment responses through repeated blood sampling. Numerous published studies demonstrate that CTC prevalence predicts disease recurrence and survival in patients with metastatic breast cancer (MBC; refs. [2] [3] [4] [5] [6] , and the persistence of CTCs after treatment has been shown to predict lack of responses to therapy in metastatic settings (7) (8) (9) .
The use of CTCs as a prognostic and predictive marker might be more important for patients with early breast cancer than for patients with MBC, for whom treatment is palliative in nature, and preliminary prospective clinical trials suggest that the presence of CTCs at the time of primary diagnosis could predict early disease recurrence and reduced survival (10) (11) (12) (13) (14) (15) .
Herein, using CTC results obtained using the FDA-cleared CellSearch System, we present the first large pooled analysis of the prognostic value of the presence of CTCs at the time of primary diagnosis in patients with non-MBC. The primary aim of this study was to evaluate whether CTCs could serve as an independent prognostic factor of disease recurrence and survival, using individual patient data. In addition, the large number of individual patient data available allowed us to conduct subgroup analyses with sample sizes yielding statistically robust results to determine whether the prognostic value of CTCs varied among subgroups, and to identify patients who might be particularly responsive to additional adjuvant therapies.
Materials and Methods

Data collection
Breast cancer centers known to have conducted studies involving the determination of CTCs in the peripheral blood of primary breast cancer patients using the CellSearch System were personally contacted by the first author (W. Janni) and asked if they would be willing to provide individual patient data for a pooled analysis. Fully anonymized individual patient data for the pooled analysis were provided by five academic breast cancer units: Enschede (the Netherlands), Houston (TX), Munich (Germany), Paris (France), and T€ ubingen (Germany); hereafter, all studies will be referred to by their corresponding cities. Some of the patient cohort data were published previously [Enschede (10) , Houston (12) , Munich (14) , and Paris (13) ], and additional information regarding the data collection, patients, and treatments is available in these original publications. Because of differences in the inclusion and/or exclusion criteria, inclusion of additional patients, or updated follow-up information, the patient numbers and survival results reported herein might differ from those presented in the original publications.
Patients
Potentially eligible patients were diagnosed with histologically confirmed, operable, stage I-III invasive breast cancer without the evidence of metastatic disease (tumor size stages T1-T4, nodal stages N0-N3, and metastasis stage M0). Ineligible patients were those with no valid data on CTC presence at the time of primary diagnosis as assessed using the FDA-cleared CellSearch System (see Supplementary Fig. S1 in the Supplementary Appendix). Informed consent was obtained from all patients prior to blood collection for CTC analyses. All studies were approved by the responsible ethical boards and conducted in accordance with the Declaration of Helsinki on Ethical Principles for Medical Research.
The primary tumor stages at diagnosis were classified according to the criteria defined by the revised American Joint Committee on Cancer and International Union against Cancer TNM classification system (16 
Detection of CTCs
Presence and number of CTCs were analyzed using the standardized, semiautomatic CellSearch system, which has been described in detail previously (19, 20) . Briefly, blood samples were collected in CellSave tubes (Janssen Diagnostics) and were centrifuged to separate the solid blood components from the plasma. After the immunomagnetic capture and enrichment of epithelial cell adhesion molecule (EpCAM)-positive cells via antibody-coated ferrofluid nanoparticles, the EpCAM-enriched cells were stained with phycoerythrin (PE)-conjugated antibodies C11 and A53-B/A2 specific for cytokeratins 8, 18 , and 19 (epithelial cell markers), an allophycocyanin-conjugated mAb (HI30) specific for CD45 (leukocyte marker), and the fluorescent nucleic acid dye 4 0 ,6-diamidino-2-phenylindole dihydrochloride (DAPI). CTCs were identified and counted using a semiautomated fluorescence-based microscope system that generated images of the stained cells; the CTCs were defined as cytokeratin-positive and CD45-negative nucleated cells >4 mm in size.
Blood samples for CTC status evaluations were collected prior to neoadjuvant chemotherapy (Paris) or at the time of primary surgery (Enschede, Houston, Munich, and T€ ubingen). One 7.5-mL blood sample per patient was used for CTC evaluations in Houston, Paris, and T€ ubingen, whereas four 7.5-mL blood samples per patient were analyzed separately in Enschede. In Munich, 30 mL of peripheral blood was collected per patient and was pooled and concentrated to a final volume of 7.5 mL prior to the CTC analysis (14) . Patients were assessed as CTC-positive if at least 1 CTC was detected, regardless of the initial blood volume used for analysis. For statistical analyses involving the CTC numbers, the results for the four 7.5-mL blood samples per patient that had been collected in Enschede were pooled to obtain an average number of CTCs per 7.5 mL of blood.
Statistical analysis
Associations between the presence of CTCs and both baseline patient characteristics and established prognostic factors were evaluated using the t test for continuous variables, the Cochran-Armitage test for trends in the ordered categorical variables of tumor stage, nodal stage, and grading, and the c 2 test for all other categorical variables.
We performed pooled analyses separately for four different survival endpoints defined according to the Standardized Definitions for Efficacy End Points (STEEP) criteria (21) . Overall survival (OS) included death from any cause as an event. To calculate breast cancer-specific survival (BCSS), only death due to breast cancer-related causes (e.g., metastasis-dependent organ failure or
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breast cancer progression) was considered an event. Diseasefree survival (DFS) included invasive disease recurrence, second primary tumors, and death from any cause as events; all noninvasive in situ cancer events were excluded. To calculate distant disease-free survival (DDFS), only distant recurrence (metastasis and second primary tumors) and death from any cause were regarded as events. Ipsilateral or regional disease recurrences and contralateral breast cancers were excluded from analysis. All time-to-event intervals were measured from time of primary diagnosis to date of the event. If no endpoint was reached, data were censored at the date of the last follow-up. All median follow-up times were calculated using the reverse Kaplan-Meier method (22) .
For all four survival endpoints (OS, BCSS, DFS, DDFS), the univariate HR and 95% confidence intervals (CI) for disease recurrence or death were initially calculated for each of the five centers on the basis of the individual patient data, using CTC positivity (yes/no) as the sole variable. Next, a summary estimate of the HRs and 95% CIs for each of the survival endpoints was obtained through a meta-analytic approach on the basis of random-effects models. If the HR for a survival endpoint could not be calculated for a single study because of a lack of events in CTC-negative or CTC-positive patients, the study was subsequently excluded from the meta-analytic HR calculation for the survival endpoint. This was the case for the OS and BCSS endpoint calculations, in which the T€ ubingen data had to be excluded because of missing events among the CTC-positive patients. Interstudy heterogeneity was assessed with the Q-test, and sensitivity analyses were conducted by computing meta-analytic HRs and CIs that were calculated following the omission of one study at a time.
Univariate significance values of the study variables were determined according to Kaplan-Meier estimates and log-rank tests. The simultaneous effects of multiple covariates on survival endpoints were calculated using Cox proportional hazards regression models stratified by study center. Because of the missing values with regard to clinicopathologic variables included in the multivariate models, 96 patients had to be excluded from all multivariate analyses. Our initial model included tumor grade (G1, G2, G3), histologic type (ductal, lobular, other), tumor stage (T1, T2, T3, T4), nodal stage (N0, N1, N2, N3), hormone receptor status (positive, negative), HER2 status (positive, negative), menopausal status (premenopausal, postmenopausal), neoadjuvant chemotherapy (yes, no), and adjuvant chemotherapy (yes, no). Following a stepwise backward selection procedure to exclude variables that did not contribute significantly to the model (significance level cutoff for exclusion, 0.05; likelihood ratio test), CTC presence (yes/no) was added to the model to determine whether inclusion of this variable significantly improved the model, that is, whether the presence of CTCs was a significant independent prognostic factor. Finally, the two-way interactions between CTC presence and each of the other factors that remained in the model after the stepwise backward selection procedure were added to the model already including CTC presence (one at a time) to test whether the addition of the interaction term further improved the model significantly, that is, to test whether the prognostic value of CTCs was significantly affected by one of the other factors in the model. The assumptions for the proportional hazards regression models were met for all four survival endpoints (no significant CTC presence by time-interaction term; calculated using a multivariate Cox regression model with a time-dependent covariate). Statistical analyses were performed with the IBM SPSS Statistics software package, version 21 (SPSS Inc.). All statistical tests were two-sided and P values less than 0.05 were considered statistically significant.
This article has been written in accordance to guidelines and recommendations for tumor marker prognostic studies (REMARK; ref. 23) .
Results
Prevalence of CTCs and associations with clinical parameters
A total of 3,173 patients with stage I-III invasive breast cancer and known CTC statuses were included in our pooled analysis ( Supplementary Fig. S1 in the Supplementary Appendix). Median age was 54 years (range, 21-91 years), and median follow-up duration was 62.8 months. At least one CTC was detected in 640 (20.2%) of the patients; the numbers of detected CTCs ranged from 1 to 827. Data regarding patient number, age, and enrollment period as well as presence and number of CTCs from the five centers are presented in Supplementary Table S1 of the Supplementary Appendix.
The presence of CTCs was associated with a large tumor size, increased lymph node involvement, unfavorable histologic grade, and lobular tumor type, whereas no significant association was identified between CTC presence and menopausal status, hormone receptor status, or HER2 status (Table 1) . Patients with CTCs more often received neoadjuvant and/or adjuvant chemotherapy than did patients without CTCs, whereas no association was identified between the presence of CTCs and endocrine therapy, HER2-targeted therapy, or radiotherapy (Table 1) .
Meta-analysis
Data on the number of patients and follow-up duration as well as on the number of events for the four study endpoints OS, BCSS, DFS, and DDFS by center are shown in Supplementary Table S1 of the Supplementary Appendix. The meta-analytic summary estimate for the OS HR according to the presence of CTCs was 2.444 (95% CI, 1.811-3.298; P < 0.001). The HRs calculated for the single studies ranged from 1.538 (Houston) to 4.212 (Paris), and were significant for all studies, except Houston. No significant interstudy heterogeneity was observed (Q-test, P ¼ 0.344). Sensitivity analyses confirmed that the exclusion of any one study did not markedly affect the HR or confidence limit summary estimates (HR estimate range, 2.273-2.623; all P < 0.003). Regarding BCSS, the HR summary estimate was 2.540 (95% CI, 1.910-3.378; P < 0.001). The single-study HRs ranged from 1.734 (Houston) to 4.212 (Paris) and, again, were significant for all studies, except Houston. The Q-test revealed no significant heterogeneity among the studies (P ¼ 0.561), and the sensitivity analyses revealed that the HR and corresponding CI summary estimate, which were calculated after the removal of any one study at a time, remained virtually unchanged (HR estimate range, 2.435-2.693; all P < 0.001).
The summary estimate for the DFS HR in association with the presence of CTCs was 2.080 (95% CI, 1.688-2.563; P < 0.001). The single-study HRs ranged from 1.896 (T€ ubingen) to 2.706 (Paris) and were significant for all studies, except T€ ubingen. There was no significant heterogeneity among the studies (Q-test, P ¼ 0.899), and sensitivity analyses showed that exclusion of any one study at a time had no marked effect on the HR or confidence limit summary estimates, which were calculated from the remaining studies (HR estimate range, 2.018-2.321; all P < 0.001). The results of the DDFS metaanalysis were similar to those obtained for the other three survival endpoints. The HR summary estimate associated with the presence of CTCs was 2.196 (95% CI, 1.737-2.776; P < 0.001), with single-study HRs ranging from 1.916 (Munich) to 2.920 (Houston). Again, there was no significant heterogeneity among the studies (Q-test, P ¼ 0.664), and the HR summary estimates determined from the sensitivity analyses, in which single studies were excluded from the analysis one at a time, ranged from 2.099 to 2.801 (all P < 0.001). Survival, disease recurrence, and CTC status Overall, 238 of 3,173 patients (7.5%) died during follow-up, and 93 (39.1%) of these patients presented with CTCs at the time of primary diagnosis. The presence of CTCs significantly predicted shorter OS in both the univariate analysis (HR, 2.413; 95% CI, 1.859-3.131; log-rank test: P < 0.001; Fig. 1A) , and in the multivariate Cox proportional hazard models after controlling for tumor grade and stage, nodal stage, hormone receptor, and HER2 receptor expression (HR, 1.974; 95% CI, 1.505-2.590; P < 0.001; Table 2 ). The prognostic value of CTCs for OS was evident not only when comparing patients with and without CTCs, but also when using CTC cut-off values ranging from 1 (0-1 CTC vs. > 1 CTC) to 20 (0-20 CTCs vs. > 20 CTCs), as revealed in univariate analyses using log-rank tests (all P < 0.04; Fig. 2A) .
Breast cancer-specific deaths were reported for 198 patients (83.2% of all recorded deaths). Patients with CTCs were more likely to die from breast cancer than were patients without CTCs (HR, 2.606; 95% CI, 1.962-3.460; log-rank test: P < 0.001; Fig. 1B) , and the independent prognostic value of CTCs was confirmed in a multivariate Cox regression analysis (HR, 2.042; 95% CI, 1.519-2.746; P < 0.001; Table 2 ). Similar to OS, the prognostic value of CTCs for BCSS was significant for all CTC Disease recurrence during the follow-up period was observed in 397 of 3,173 patients (12.5%), and 311 of these patients (9.8%) had distant metastases (alone or in combination with local recurrences). The presence of CTCs was significantly associated with shorter DFS and DDFS ( Fig. 1C and D) , with multivariate HRs of 1.822 (95% CI, 1.470-2.258; P < 0.001) for DFS and 1.888 (95% CI, 1.485-2.401; P < 0.001) for DDFS ( Table 2 ). The prognostic value of CTCs was significant for all CTC cut-off values ranging from 1 to 20 both for DFS (all P < 0.01; Fig. 2B ) and for DDFS (all P < 0.01; see Supplementary Fig. S2B in the Supplementary Appendix).
The multivariate analyses revealed that for all four survival endpoints alike, grading, tumor stage, nodal stage, hormone receptor status, and HER2 status were additional significant independent prognostic factors, while histologic type, menopausal status, neoadjuvant chemotherapy, and adjuvant chemotherapy were not significantly associated with disease recurrence or survival ( Table 2 ). The addition of the interaction terms between CTC presence and tumor characteristics never led to a significant model improvement (OS: all P > 0.14; BCSS: all P > 0.07; DFS: all P > 0.20; DDFS: all P > 0.27).
Subgroup analyses
The univariate HRs for OS according to the presence of CTCs in various subgroups (plus both the number of patients and the number of events observed within each subgroup) are shown in Fig. 3 . The HRs were 2.801 (95% CI, 1.989-3.944; P < 0.001) for patients with hormone receptor-positive tumors and 1.894 (95% CI, 1.261-2.845; P ¼ 0.002) for patients with hormone receptornegative tumors. The prognostic relevance of CTC status was similar in patients with HER2-negative tumors (HR, 2.388; 95% CI, 1.783-3.199; P < 0.001) and those with HER2-positive tumors (HR, 2.521; 95% CI, 1.394-4.559; P ¼ 0.002).
CTC status had significant prognostic relevance in triple-negative breast cancer patients (HR, 1.973; 95% CI, 1.254-3.104; P ¼ 0.003), in patients with hormone receptor-positive/HER2-negative tumors (HR, 2.621; 95% CI, 1.784-3.850; P < 0.001) and in those with hormone receptor-positive/HER2-positive tumors (HR, 3.616; 95% CI, 1.649-7.928; P ¼ 0.001); however, the CTC status was not significantly associated with prognosis in patients with hormone receptor-negative/HER2-positive tumors (HR, 1.594; 95% CI, 0.618-4.111; P ¼ 0.331).
Presence of CTCs did not significantly predict OS in the subgroup of patients with nodal stage N0 disease (HR, 1.322; 95% CI, 0.705-2.478; P ¼ 0.383), while it was significantly associated with OS in patients with nodal stage N1 (HR, 2.523; 95% CI, 1.623-3.923; P < 0.001), N2 (HR, 2.375; 95% CI, 1.340-4.211; 
Discussion
Our study is the first pooled analysis to demonstrate that CTC positivity at the time of primary early breast cancer diagnosis is an independent and highly significant prognostic marker of OS, DFS, BCSS, and DDFS. This study, based on a large sample size with long follow-up duration (median, 62.8 months) at five breast cancer centers, confirmed the independent prognostic relevance of CTCs for OS, BCSS, DFS, and DDFS in non-MBC with the highest level of evidence. Our study also adds important new data not reported in previous studies on the prognostic value of CTCs in early breast cancer in terms of a comprehensive analysis of the prognostic role of CTCs in various breast cancer subgroups and a detailed evaluation of the prognostic impact of CTCs using a broad range of different CTC cut-off values. Importantly, there was no significant heterogeneity among the five centers, and sensitivity analyses showed that the large patient cohort from Munich did not bias the results, as the presence of CTCs remained a significant prognostic factor with respect to all four survival endpoints even after excluding the Munich data from the analysis.
As shown by the subgroup analyses, the prognostic value of CTCs varied among breast cancer subtypes. CTC positivity was not a significant prognostic factor of outcome in low-risk patients with T1N0 tumors, suggesting that early-stage breast cancers detected before axillary spreading could be treated successfully and independently of CTC status. In contrast, the significant prognostic value of CTCs in high-risk patients suggests a potential clinical relevance for CTCs in this group, and CTC presence might direct decisions regarding the appropriateness of dose-intensified chemotherapy, new investigational drugs, or other therapeutic regimens.
The biologic subtype of tumors (definitions following the recommendations of the 12th St Gallen International Breast Cancer Conference Expert Panel; ref. 24 ) also affected the prognostic value of the CTCs. Presence of CTCs significantly predicted outcome in patients with hormone receptor-positive tumors (i.e., subtypes luminal A and B, including luminal B HER2-positive subtype) and with triple-negative tumors (basal-like subtype), but not in patients with HER2-positive, hormone receptor-negative tumors (nonluminal HER2-overexpressing subtype), although the lack of statistical significance in the latter group might also be related to reduced statistical power due to small sample sizes. Our data revealed a highly significant prognostic value of CTCs when all HER2-positive breast cancer patients were combined irrespectively of hormone receptor status, and this finding remained true when the analysis included only patients who were receiving HER2-targeted therapy (HR for OS, 2.439; CI, 1.139-5.208; P ¼ 0.018). Most of the patients with HER2-positive/ hormone receptor-positive tumors received endocrine therapy in addition to HER2-targeted therapy; this regimen appeared to enhance the prognostic relevance of CTCs relative to that associated with HER2-positive but hormone receptor-negative tumors. It is also plausible that HER2-positive tumors respond differently to cytotoxic treatments depending on the hormone receptor status, as HER2-positive tumors comprise two different biologic subtypes, that is, the nonluminal HER2-overexpressing subtype It is of considerable interest to assess whether there is an optimal cut-off point with regard to the prognostic impact of CTCs. In accordance with previously reported studies (3), a cut-off value of five CTCs has been used to evaluate the prognostic role of CTCs in metastatic settings. However, this fixed cut-off value has been criticized on the basis of biologic, technical, and statistical reasons (25) (26) (27) (28) , and recent data indicate that there is a direct relationship between CTC number and outcome (2, 29, 30) . Given that CTCs are detected at much lower frequencies in nonmetastatic compared with MBC, most studies to date have used a cut-off point of !1 CTC to assess the prognostic role of CTCs.
Because of the limited number of non-MBC patients with multiple CTCs, no information regarding the prognostic value of CTCs with respect to different cut-off points was previously available. Our large pooled analysis revealed significant prognostic relevance for CTCs independent of the selected cut-off points (cut-off values ranged from 1 to 20 CTCs; corresponding HRs ranged from 2.413 to 4.480 for OS and from 2.040 to 3.463 for DFS), indicating that the presence of at least one CTC yields relevant prognostic information.
Limitations of this study include the difference in blood volumes used for the CTC analyses among the contributing centers. However, CTC positivity rates did not differ significantly among four of the five participating centers (c 2 test, degrees of freedom ¼ 3, P ¼ 0.143). The only exception was the T€ ubingen study, which reported a considerably lower CTC positivity rate than the other centers (Supplementary Table S1 ). This discrepancy was probably due to the fact that the patient cohort from T€ ubingen had higher frequencies of N0 (72.8%) and T1 tumors (66.8%) compared with the other centers. A more general limitation is the fact that the CellSearch system is based on detection of the epithelial-specific marker EpCAM. One potential problem with the use of epithelial-specific markers is that more aggressive CTC types are likely to undergo phenotypic changes associated with the epithelial-to-mesenchymal transition (EMT). In cancer cells, EMT is considered a crucial event for metastatic spreading, because it facilitates primary tumor dissemination into the blood stream as well as migration and invasion into secondary metastatic sites (1, 31, 32) . During EMT, cells exhibit reduced levels of cell-cell adhesion and increased mesenchymal protein expression, which is accompanied by a corresponding loss of epithelial marker expression (33) . Therefore, EpCAM-based CTC detection methods such as the CellSearch system might miss circulating cancer cells that are particularly likely to initiate distant organ metastasis (34, 35) . EpCAM-negative CTCs have been detected in the blood of patients with different subtypes of MBC patients (36) , but it has been argued that the problem of detecting only EpCAM-positive CTCs and missing EpCAM-negative circulating cancer cells might apply particularly to some basal-like tumors, as these are characterized by low or even nonexistent EpCAM expression (37) . However, EpCAM-positive CTCs are commonly found also in triple-negative (basal-like) breast cancer, and the presence of EpCAM-positive CTCs as detected using the CellSearch system has been identified as a prognostic marker for disease-free and overall survival in patients with both early (this study) and metastatic triple-negative breast cancer (2, 6, 38) .
CTC detection holds great potential as a prognostic and predictive tool for early breast cancer, and is likely superior to serum tumor markers such as CEA and CA15-3 (2). An important avenue of future research involves the phenotypic characterization and molecular profiling of CTCs; such research could considerably enhance our understanding of tumor biology, particularly metastatic spread, and facilitate the development of more personalized treatment interventions (39) . Currently, therapeutic decisions are mainly based on primary tumor markers. However, several studies have shown a high degree of discordance between the primary tumor and metastatic sites or CTCs with respect to hormone receptor and HER2 expression (40) (41) (42) (43) . Given the estimated short life span of CTCs in the circulation (44) , the presence of CTCs in the peripheral blood of breast cancer patients after primary tumor resection suggests that the pool of CTCs is replenished by occult micrometastases. Thus, CTC analyses may be considered as liquid biopsy for cancer patients, providing unique and important information about the molecular characteristics of occult MRD in the absence of clinically detectable overt metastases (45, 46) .
Advancing the field of CTC research is an important requirement for developing and conducting interventional trials to assess the potential of implementing CTCs in clinical praxis. The pivotal SWOG0500 trial (NCT00382018) was the first prospectively randomized clinical trial that evaluated the clinical utility of CTCs (47) . In this trial, 123 patients with MBC showing no decrease in CTCs after one cycle of first-line chemotherapy were randomized to continue the first-line therapy or to change to second-line chemotherapy. While early switching to an alternative chemotherapy did not result in a significant improvement in progression-free or overall survival, the trial confirmed the prognostic significance of persistently increased CTCs in patients with MBC receiving first-line chemotherapy (47) . The lack of improved outcome in early-switching patients does not question the potential clinical utility of CTCs-rather it suggests that in MBC patients the failure of a first-line chemotherapeutic regimen to reduce CTCs after one cycle might indicate a general chemotherapy resistance.
There are several ongoing large prospective interventional studies in which therapeutic decisions are based on CTC presence and/or CTC phenotypes in both non-MBC and MBC (48) . For example, the German randomized two-arm DETECT III trial (NCT01619111) is evaluating the efficacy (assessed on the basis of CTC clearance rate after treatment) of a HER2-targeted treatment with lapatinib in patients with HER2-negative MBC but at least one HER2-positive CTC. On the basis of findings that suggest a treatment benefit of trastuzumab in patients with non-HER2-overexpressing tumors (49), the European Organization for Research and Treatment of Cancer TREAT-CTC trial (NCT01548677), a multicenter randomized phase II study, aims to assess the use of trastuzumab in patients with nonmetastatic HER2-negative disease and at least one CTC in 15 mL of peripheral blood. In the French STIC CTC trial (NCT01710605), patients with hormone receptor-positive MBC are randomized between a standard clinician choice arm and a CTC count driven arm, in which patients with a baseline CTC count equal to or higher than 5 CTC/7.5 mL presumably at a higher risk receive chemotherapy, while patients with a baseline CTC count below 5 CTC/7.5 mL receive endocrine therapy. The aim of the French CirC e01 trial (Circulating Tumor Cells to Guide Chemotherapy for Metastatic Breast Cancer; NCT01349842) is to evaluate repeatedly over several lines of chemotherapy whether patients whose CTC count does not decrease after the first treatment cycle benefit from a switch of chemotherapeutic regimens. COMETI P2 (NCT 01701050) is an American observational trial on ER-positive, HER2-negative MBC patients that aims to determine a CTCEndocrine Therapy Index (CTC-ETI) to predict whether patients either will respond favorably to a new endocrine therapy or will be resistant to endocrine treatment and thus need a chemotherapeutic treatment. The results of these trials will be crucial for evaluating the potential for CTC implementation in clinical breast cancer management.
In conclusion, this large pooled analysis provides strong evidence for the independent prognostic relevance of CTCs in primary breast cancer patients, and can thus be regarded as proof-of-principle for the use of CTCs as prognostic markers in early breast cancer. The next step toward clinical application of CTCs is incorporating CTC phenotypes or changes in CTC numbers during treatment to facilitate the selection of appropriately targeted and individualized therapy that will hopefully improve survival and quality of life in patients with non-MBC. Future technologies for CTC detection with enhanced sensitivity that also incorporate stem cell and EMT markers might further improve the value of CTCs as prognostic and predictive tool in early breast cancer.
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